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Chapter 1
Introduction
1.1 Interactive systems and multimedia
One of the latest buzzwords in the personal computer industry is interactive multimedia. In
contemporary systems, multimedia has come to mean multiple presentation media. Increases
in processing speed and mass storage capacity have enabled the integration of non-textual
media - including sound, video, still pictures, and animation - into documents and con-
tent on an inexpensive desktop computer. The most visible system of this sort today is the
World Wide Web, which now provides support for multimedia content in a networked envi-
ronment. The growth of the Web and other multimedia technologies has been accelerated
by the development of standard system architectures and authoring tools for multimedia
presentations.
These emerging standards for multimedia architectures and tools reinforce another
emerging de facto standard: interaction as hypermedia. First popularized by Apple Com-
puter's Hypercard, the contents of a Hypercard stack are organized into visual displays called
cards which are linked by active regions called buttons. Interaction with a hypermedia stack
involves 'navigation' between cards (or pages) by clicking buttons, 'browsing' the contents
of a card by clicking active regions to reveal text or graphics, or in some cases, typing
textual keywords for random access to information in the stack.1
1[Bush, 45] first described the kind of branching enabled by hypertext. However, the kind of associative
organization of information that Bush describes is only one of many ways of organizing and structuring
Multimedia extensions of the Hypercard model generally consist of the addition of video
or sound clip attachments to a card which may be played back by selecting and clicking
buttons. Few systems use real time media for input.2 The industry's tentative moves in
the direction of alternative input devices do little to extend the basic structure of this
interaction. A typical example of contemporary uses of audio input at the interface is the
substitution of spoken keywords and speech recognition in place of typed keywords for topic
searches.3
Interaction with multimedia still looks like HyperCard, and using these systems remains
largely a task of visual selection for the user. So while the output channel created by these
systems has expanded to multiple media, the input channel to them continues to use only
one medium. In this work, we propose a system for novice users to learn to hear simple
musical structures in classical tabla drumming as it is practiced in North India, which
expands this input channel to include the use of rhythmic input.
1.2 Real time media input and output in the interface
Our goal is to expand the input channel to multimedia systems to include multimedia,
or multi-modal, input. Our objection to the Hypercard model of interaction is that it
forces users to select and browse content by selecting and browsing iconic and textual
representations of the content. For real time media streams such as music, this requires that
the tokens of interaction either represent "chunks" of the stream that are easily named, such
as compositions, or that they rely on established visual languages for transcription, such as
formal standard music notation or informal notations such as timelines and tablatures.
In our target application, neither of these visual modes is appropriate. We are interested
in applications which allow users to select and manipulate features of the music which are
knowledge. More recently, [Landow, 92] and others have discussed the relationship between literary theories
of narrative and the break of hypertext from traditional linear narratives. These analyses consider interaction
only in terms of the "reader's" choice of a path through the content. Also, see [Woodhead, 91] for a general
discussion of hypertext and hypermedia.
2A notable exception to this is the research on computer performance systems for musicians. See
[Rowe, 93] for a recent review of this work.
3It is now possible to issue commands such as "Open File" to the "Finder" in the Apple Macintosh
operating system by voice.
not typically named, such as variations of a phrase, a cadence, or a rhythmic stress pattern.
We are interested in applications for novice users who have no assumed familiarity with
notational schemes for music. 4
Multi-modal input often involves sensing input from the user in continuous input spaces.
For instance, there is a continuous range of start and end points that the system might use
as features of a gesture input device. Other work on multi-modal interaction has primarily
involved mapping these continuous inputs to discrete commands. These systems work by
recognizing the user's gesture or utterance as one of a discrete and finite set of possible
inputs. 5
In many of these systems, there is a clear mapping from multi-modal interfaces to
standard graphical user interfaces. That is, it would be possible to create a button or a
menu item which corresponds to each input gesture or sound. In this work, we are interested
in taking advantage of the multi-modal channel to allow a continuous range of inputs,
rather than being forced to segment that range of inputs into a discrete set of commands.
[Chen et al., 94] describe systems for multimedia information retrieval using multi-modal
input which exploits the continuity of the input. For instance, spoken keywords or non-
speech sounds such as laughter can be spotted in audio streams with no prior transcription
of either the keyword or the stream.[Wilcox et al., 92]
The problem that motivates this work is the task of providing access to a database of
musical phrases of North Indian tabla drumming to a user who is unfamiliar with the content
domain. 6 In other words, how can we provide a tool for users to discover the world of tabla?
We might build a system like those available now to learn about classical Western music. In
the Voyager company's "Beethoven" software, the user can read explanatory text and can
hear samples of musical performance. The user can select different styles, compositional
4Machover's Hyperinstruments use real-time gestural input to control timbre, style, and other features of
music performance. [Machover, 89] These systems have been designed primarily to "amplify" the expressions
of expert musicians. [Matsumoto, 93] describes a system for non-expert users to control the musical "style"
of an interactive drum machine in terms of musically significant parameters such as "laid-back" or "driving."
The emphasis of that work is on embodying musical style in performance systems.
5 For example see [Schmandt, 94] for a review of systems which use speech for input and output.
6 [Ghias et al., 95] describes a system for retrieving melodies from a database by humming. Their appli-
cation assumes that the user knows what melody they are looking for - that they roughly recall the tune,
but not the artist, title, or composer. Our system is an introduction to the art for novices, not a database
retrieval tool for scholars.
forms, or composers by selecting icons or keywords which trigger presentation of audio or
video. This system provides access to musical artifacts through the manipulation of visual
and textual artifacts.7
However, traditional learning about tabla drumming typically relies heavily on repre-
sentations of the music which are not primarily visual. As we discuss below, learning about
the music from a tabla guru involves clapping, gesturing, and singing. Each of these modes
of interaction, or communication with the master, involves a temporal representation of the
music which distills some salient feature or structure of the music for examination by the
student. Our premise in this work is that the goal of system for educating users about this
music should be to have the user gain some appreciation and an ability to perceive these
musical structures, and that the modes of input into the system should support the use of
these representations.
1.3 A system to use musical artifacts in the interface
We have argued in this introduction that interactive multimedia systems have explored only
a small part of what is possible with multimedia input. We have identified music as one
domain of knowledge which is not well served by the standard GUI model of interaction. In
particular, there are important structures in music which are ill suited to visual or textual
presentation. In this thesis, we describe a system for extending interactive multimedia input
in a system for teaching novice listeners to hear rhythmic structures in tabla drumming.
1.4 Roadmap
In chapter 2, we detail the argument introduced above in 1.2: that there exists musical
structures in tabla drumming which are important to an understanding of the art, but
which are poorly represented by icons or text. We find alternative "musical artifacts"8 in
7In contrast, Bamberger's "Tuneblocks" system, on exhibit on the floor of the Exploratorium in San
Francisco, gives novice users the ability to create their own music. Users assemble and play short composi-
tions graphically by moving abstract icons which represent phrases. So while the goal of the interaction is
different from that of the Beethoven system, the mode of the interaction is still primarily visual.
SMusical "cognitive artifacts," after [Norman, 93].
the tradition of learning and performing tabla which make these structures explicit and
accessible. Our goal in this work is to build a system which makes use of these native
representations of the art, in order to extend the range of what is possible with interactive
media. In chapter 3, we describe a system which makes use of these "native" representations
of the music to provide novice users with access to the music of tabla. By drumming
and clapping, users are able to generate and play musical phrases based on their musical
structure. In chapter 4, we describe informal observations of users, and propose some
formal user studies of the system and some supplementary experiments on the perceptual
salience of rhythms at the interface. Finally in chapter 5, we discuss the general problems




It is not a question of Indian music or American music, like that: any music, in
rhythm, in tune, give you food for your soul. - Ustad Alt Akbar Khan, quoted
in [Khan, 91]
2.1 Why tabla?
The goal of this work is to demonstrate a system which enables multi-modal interaction
which takes full advantage of the capabilities of a non-graphical input channel. The interface
that we develop here cannot be simply mapped to traditional graphical user interfaces. It
is for this reason that we choose music for the content of the system. Music is, among other
things, a highly structured temporal stream of events which is not well suited to visual
representation or transcription.
The user task that we wish to support is the selection and learning of musical structures.
This requires that we present the music in a manner which makes these structures explicit
and makes them perceptually salient. Although various forms of music notation exist for
musicians, standard music notation has limited utility for non-musicians (i.e. it is not
salient), or for describing music which is not a part of the western classical tradition.1 Even
'[Read, 69] traces the establishment of the whole, half, quarter, and sixteenth notes in Western rhythm
notation - where each note value has half of the duration of the preceding one - to roughly the 15th century.
He notes that "Primitive societies have no written systems at all, but pass on their songs and dances by rote
from one generation to another." As he also notes, Eastern notational systems have been developed largely
independently of the Western tradition. The role of notational systems for Indian music in this century has
grown with modern changes in patronage and education for musicians, and mass media. [Khan, 91]
where standard notation is in common use, it is understood that the notation expresses
only a limited subset of the musical content. For example, expressive varation in tempo is
not explicitly encoded; instead it is supplied by the performer using implicit cues from the
musical score.
There exists a variety of non-standard visual representations of music which might be
used, but any of these must be learned by the user during the interaction. For this system,
we will rely primarily on auditory representations of the music, augmented by animated
visual displays. Just as different visual representations highlight and make explicit different
structural features of the music, we can construct a variety of auditory representations of
the music.
In doing so we take advantage of representations which are native to the musical tra-
dition. As we detail in section 2.2, traditional teaching and learning of tabla drumming
also involves singing, clapping, and waving - the teacher and student communicate using
a variety of gestural and auditory "sketches" of the drumming. We choose clapping as our
primary input mode for this system. 2 Our premise is that because clapping is common to
many musical traditions, it is likely to be a salient representation of the music for many
users. Also, it is easy to maintain expressive features of the music such as variations in
stress and duration in an auditory representation.
2.2 Mechanics and manifestations of tabla drumming
A tabla drum set consists of the tabla, a hollow wooden cylindrical drum, and the baya,
a larger rounded metal drum. (Figure 2-1) Both are topped with multi-layered goat-skin
heads. By striking and muting the drum using the hands and fingers, a skilled tabla player
can produce a wide variety of timbres from the pair. The timbres can be low or high, ringing
or muted, resonant or percussive. The tabla drum strokes which produce these timbres have
onomatapaeic names, called bols. Thus phrases in tabla can be sung as well as played.3
2 0r equivalently, tapping on a simple drum. We discuss the differences and the similarities further in the
discussion of the system design in chapter 3.
3 See [Khan, 91] for a discussion of this tradition of learning and for a comprehensive introduction to
Indian music in a basic text for beginning musicians. See [Kippen, 88] for a cultural anthropologist's recent
discussion of the tradition of tabla drumming and learning in India as it exists today.
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Figure 2-1: A tabla set as it would be seen by a listener facing a performer. The smaller
tabla is played with the right hand, and the baya is played with the left hand.
While there are many possible sequences of bols, most of these possibilities are not
musical, in the sense that they would occur rarely if ever in a performance of the music.
Furthermore, Indian music is organized temporally at a higher level into one of several
rhythmic cycles. These cycles, called tala, range commonly from 5 to 16 beats, and form
the structural foundation of many compositional forms in Indian music. The choice of
rhythms, stresses, and bols in a line of tabla is further constrained by the position within
the tala.
For instance, tin-tal (figure 2-2), is characterized the alternation between "open" to
"closed" bols. Tin-tal, like all talas in Indian music, is described in the tradition by a
sequence of bols which is characteristic of the tala. The tabla bols which are the archetype
of tin-tal are depicted in figure 2-2. The open bols feature the low ringing tones of the
larger drum, the baya. The closed bols use the smaller, higher pitched tabla, sometimes
in conjunction with the muted sound of the baya struck with a flat hand. Therefore, the
disappearance and reappearance of the low baya sound is the primary auditory cue for
"keeping the tala," keeping track of the position within the cycle.
In much the same way that there is harmonic tension and resolution in western music,
rhythmic tension is created through devices such as syncopation and deviation from the
timbral pattern prescribed by the tala in Indian music. Musicians are known for how they
suspend and resolve these expectations - by how they "come to sum," to achieve resolution
at the downbeat of the cycle.
Therefore, keeping tala, or keeping the beat, is essential to listening to Indian music.
__j
dha dhin dhin dha dha dhin dhin dha dha tin tin ta ta dhin dhin dha
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
clap -- -- -- clap -- -- -- wave -- -- -- clap ------
Figure 2-2: The line which is characteristic of the 16 beat tala, tin-tal, literally three claps,
referring to the three points of emphasis on the first, fifth, and thirteenth beats. These
points are marked by claps, and the ninth beat, the "empty beat," is marked by a wave.
The first 8 beats, the bari, are echoed in the second 8, the khali, with a transformation of
the "open" bols dha and dhin to the "closed" bols ta and tin, with these exceptions: Dha
substitutes for the ta in the ninth beat, and the appearance of dhin dhin dha in the 13th
beat foreshadows the start of a new cycle at the sum, the downbeat (beat 1).
For this, an ability to discriminate timbral variation and to recognize characteristic phrases
in the tabla line is indispensable. The ability to perceive and recognize these idiomatic
phrases is the primary pedagogical objective of our system.
2.3 Theme and variations: compositional form and musical
style
Within the constraints established by the conventions of the tala, there is still a great deal of
freedom. One common compositional form in tabla is the q'aida, in which a theme is stated
in the first cycle then elaborated on each successive cycle. The question of how to provide
users with a means of exploring these variations within a single composition motivated the
early development of this work.
To illuminate the discussion above, and to provide some context for the system descrip-
tion to follow, we describe some features of one tabla composition. The following examples
come from a simple q'aida which I learned as a beginning tabla student. Each example is
one cycle from a single composition in the 16 beat tala tin-tal. Figure 2-3 depicts the basic
theme, sung with two bols per beat. The timbral movement of this theme and each of the
variations shares the same movement from "open" to "closed" bols that is characteristic of
tin-tal (figure 2-2).
Notice that in the in the examples of figures 2-3 and 2-4, the basic rhythm of the line
is unchanged but the stress pattern varies with the variation of timbre. In figure 2-5, this
dha dha tet tet tet tet dha dha tet tet dha ge tun na ke na
1 2 3 4 5 6 7 8
ta tet tet tet tet ta
10 11 12
ta tet tet ta ke dhin na ge na
13 14 15 16
Figure 2-3: The theme of a simple q'aida in tin-tal (the beats are numbered under the bols).
Each syllable is sung with equal duration, and two syllables are sung per beat at about 90
beats per minute. As in the characteristic line of tin-tal of figure 2-2, the first half of the
phrase is echoed in the second half with a transformation from "open" to "closed" bols:
from dha to ta, ge to ke, and tun to dhin. As in tin-tal the reappearance of "open" bols
with dhin na ge na signals the return to the sum. Also, the bol sequence ta ke dhm na ge
na dha is a common cadence.
dha tet tet dha tet tet dha dha tet tet dha ge
ta tet tet ta tet tet ta ta tet tet tak ke
tun na ke
dhin na ge
Figure 2-4: A variation of the theme of figure 2-3. Sung with a natural emphasis on the
dha and ta bols, this example demonstrates some of the variation in stress that is created
using timbral variation.
dha -- -- dha -- -- dha dha tet tet dha ge
ta -- -- ta -- -- ta ta tet tet tak ke
tun na ke
dhin na ge
Figure 2-5: A further elaboration of the theme of figure 2-3, this time with rhythmic
variation. The dashes, -- , represent rest intervals with duration equal to the others.
line is further elaborated by breaking the simple rhythmic regularity of the line.4
In addition to being an important compositional form in its own right, familiarity with
this kind of theme and variation might serve as a stepping stone to other compositional
forms. This sort of successive elaboration of simple motifs is commonplace in other kinds
of tabla drumming.
4This example, chosen for its simplicity, does not display much of the timbral or rhythmic diversity of
tabla drumming. However, it does illustrate how compositions in tabla share the same structural framework
as the tala around which they are built.
2.4 Traditions of learning
Traditional learning in tabla involves dialogue between master and student mediated by
several alternative gestural and auditory representations of the music. Typically, students
learn the implicit rules of composition and improvisation by learning compositions from a
canon of classic works, and from new compositions and improvisations by their teacher.
Each composition is presented to the student orally first, then is performed with guidance
from the teacher until it is mastered. Only then does the teacher move on to a new compo-
sition. It is through this exposure to positive examples that the "rules" of tabla are learned.
Our goal is to provide a method for users to generate or retrieve such positive examples of
the music. There are two additional features of this tradition that we draw upon for this
work.
First, learning involves cyclic repetition and successive elaboration and refinement of
phrases of the music. While there are reflective moments in a lesson where attention is
focused on a particular piece of the music pulled from its context in the larger composition,
much of the learning takes place through an experiential and kinesthetic experience of
hearing and playing the music. 5
Second, this learning is conducted largely without the aid of static visual representations
of the music. Although it is common practice for students to transcribe compositions during
and after the lesson, these serve as simply aids to memory, and students are expected to play
from memory. In addition to oral recitation of the composition as bols, and performance
of the composition on tabla, the teacher uses claps, waves, nods, and gestures to mark
stress and emphasis, to mark phrase boundaries, and to keep time. These gestures are also
manifest in performance settings, where players use nods and waves to maintain synchrony.
While tabla drummming is a rich artistic field considered on its own, tabla is of interest
also because provides an entrance into other arts of India. As we mentioned earlier, the tabla
line maintains the rhythmic backbone of melodic music. In addition, the same rhythmic
5 Ustad Ali Akbar Khan's instructions for creating a basic Indian music text are recalled in [Khan, 91, pp.
13], "Of course you must include something about what sort of material we are teaching, but only explain
the basic ideas of history and theory, for that is covered in other books. My father didn't think that theory
was so important in learning music; he didn't teach that way." Our use of reflective v. experenttal modes is
from [Norman, 93].
structures are present in Indian classical dance. Finally, much of the performing art and
music of India draws its inspiration from classical Sanskrit poetry. So drumming, an abstract
musical art, can serve as an entrance to the symbolic, literary, and religious traditions of
India.
This project initially grew out of Ranjit Makkuni's work on building computer sys-
tems for "cultural learning," using computers to support life-long learning of the arts.
[Makkuni, 92] describes an ongoing effort to create a traveling, computer-mediated exhi-
bition of Indian arts and culture centered around the 14th century Sanskrit poem, the
Gita-Govinda. This love song, originally performed by travelling musicians, has spawned
centuries of interpretation and reinterpretation in painting, song, and dance. This is a living
tradition which continues to the present day. The work described in this thesis was con-
ceived as one component of such an exhibit: one which enables users to make connections
between these interconnected multiple artistic media.
Chapter 3
System Design
To summarize the argument so far, it is our position that user interfaces for multimedia
systems are limited in dealing with temporal media streams such as music. Because these
interfaces typically rely on visual or textual tokens to represent and provide access to their
content, they deal explicitly with only a subset of the features of the musical content. We
have identified tabla drumming as one domain where this iconic access is insufficient for
dealing with the features of interest. The variations and tranformations of rhythm and
timbre in compositions of tabla do not lend themselves to textual or visual representation.
In this chapter, we describe a system which offers an alternative. Here, we describe
a system where the musical feature of interest, the rhythmic phrase as an auditory phe-
nomenon, is the token of interaction between the user and the system. In this system, the
user taps simple rhythms to "play" phrases of tabla drumming.
In 3.1, we enumerate the motivating design principles which guide this design. We also
discuss the relationship between the structure of learning in this system with the structure
of learning in the traditional setting. Section 3.2 introduces the design through a sample
interaction and its visual record in the system. There, we set the bounds of the design space
that we consider in this work.
The remainder of this chapter details the design choices which were made, and discusses
something of the process by which these designs were chosen. In many cases, the final design
was the result of an iterative prototype and design cycle which involved informal trials of
several different variations of the design. Those trials are described in chapter 4. Section 3.3
details the design of the visual and audio presentation. Section 3.4 discusses the interaction
cycle as a "rhetoric" of multimedia. Section 3.5 describes the machine representations of
the music which we use to enable these interactions.
3.1 Design goals
To summarize the guiding design goals for this system, we want a system which
* provides a rich set of content for exploration by the user,
* represents this content internally and presents it externally to the user so that its
musical structure is explicit, and
* affords access to this content through the user's musical gestures rather than through
visual selection of tokens.
As we discussed in section 2, "correct" tabla drumming is characterized by complex
interdependent relationships between rhythms, stresses, and timbres. The goal of the in-
teraction supported by this system is to begin to establish these relationships in the mind
of the user. By enabling users to generate examples of tabla phrases which are based on
their simple rhythmic input, we hope to motivate users to explore the music in greater
depth. Also, because the users have "played" the phrases that they hear, we hope that
their kinesthetic experience of the music will reinforce their learning with the system.
In this chapter, we describe such a system, noting where we have borrowed from the
classical tradition and where we deviate from it. Two distinctions should be noted imme-
diately. The issues that we raise here will become more concrete in light of the system
description in the following section.
First, the purpose of interaction with our system is not to teach the user to play tabla.
We will allow the user to clap or drum into the system as input, but the user will not be
playing tabla. The focus of the interaction is the development of listening skills, with the
hope that the experience of tapping the rhythms will reinforce this learning. This is not
the same as developing the motor skills required to reproduce the tabla bols on a physical
tabla set.
Second, while we hope to mimic the give and take of dialogue between student and
teacher in style, we do not attempt to reproduce it in substance. The system that we present
here "listens" to the student in a very limited way. We do not even claim that the system
here is a form of intelligent tutor. Instead, it is a scratchpad, where the student's musical
gestures are amplified, transformed, and captured for a moment of reflection. Whereas
traditional teaching is guided by the teacher and compositions are presented one at a time
to the student only as they are judged to be ready to receive them, interaction with our
system is free exploration driven by the student.
3.2 A sample interaction
In this section, we describe a sample interaction with the system. We imagine that what
is described here is part of a larger experience. We envision the system being embedded
and contextualized within a larger system which introduces the music and the traditions of
tabla drumming in the way that we have done in chapter 2. We reconsider this question of
context later in this chapter, and again in the conclusions of this work.
3.2.1 A repeating cycle of interaction
Here we describe the basic structure of the system. Later in this chapter, we discuss
variations on what is described here that were also implemented or proposed.
Interaction with this system consists primarily of a sort of repeating call and response.
Initially, the system waits for the user's input, marking the tempo both visibly and audibly
(Figure 3-2). In addition to the visual and auditory displays, the system consists of a drum
pad for input, and a mouse for visual selection of displays. (Figure 3-1) The user drums a
simple rhythm in time with the system's metronome. As they do so, the input is logged
visually and echoed audibly by the system (Figure 3-3). After a pause in the user's input,
the system echoes the input exactly as it was played, but this time logged visually where
the system's output will be displayed (Figure 3-4). Finally, the system's transformation of
the user's input is displayed visually and played (Figure 3-5). This output repeats until the






Figure 3-1: A view of the system. The input devices - drum pads and a pointing device,
are pictured in front of the visual display.
Figure 3-6 is another look at this example. Here we have indicated only the input
phrase and its corresponding transformation by the system. This representation is merely
illustrative and is not used in the system display. Note that the number and durations (i.e.
the inter-onset intervals) of the input and the output are identical. What has been added
in this example is timbral content, with no changes in duration or stress. This restriction
need not apply; e.g. the user's input could be "cleaned up" rhythmically by quantization
of durations. Also, clearly, the user's clapping is an underspecification of the output; there
is more than one "correct" tabla phrase which could match any particular input rhythm.
The transformation is arbitrary except with reference to a particular composition or style
of tabla. We discuss this issue further in section 3.5.
We emphasize that in representations such as figure 3-6, certain features of this in-
teraction are well represented here visually, namely, discrete timbral selection and timing
structure, at the expense of other features including stress, variation in timing, and the
relationship between stress, beat, and timbre. Of course, we could devise some visual rep-
resentation for any of these features. However, one of our premises in this work is that
auditory presentation is fundamentally different from visual presentation. That is, showing







Figure 3-2: Initial visual display. With an animated "bouncing ball," the tempo is marked
on the circle to the left. In the "input" window to the right, the user's input is logged as it is
drummed. During playback the phrase is displayed in the "output" and the "now playing"
windows. The "Wait!" button pauses the system, and the "What?" button invokes the










Figure 3-3: Display during user input. An animated bouncing ball marks time along the
"input" timeline, and the user's hits are marked by lines whose heights vary with the
amplitude of the input. The horizontal space between events indicates their relative onsets
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Figure 3-4: Display during echo cycle. The user's phrase is fit onto the circle, and "lights"
in time with the audio playback. It is also redisplayed in the "now playing" window. The
gray line with tick marks moves with the phrase to indicate the mode of the system -
whether or not it is "listening." The intensity of each beat is indicated by size. Note that
the phrase does not start at the top of the circle; the position of the user's first hit in
relation to the beat is maintained. So while the output phrase can begin at any time, the
system is sensitive to whether the user starts on a down beat or an up beat.
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Figure 3-5: Display during playback cycle. In addition to marking the duration and intensity
of each beat, the timbre of each note is indicated by color. The heads of the pictured tabla set
are also animated in synchrony with the system's output. The figural groupings identified
by the model, the tabla phrases, are indicated by the arcs. The returned tabla phrase here
was, ge-na-dha dha-tet-tet tet-dha (grouping the phrases with dashes). Figure 3-6 shows
another view of this transformation.
X x x - X - X - X - x - X ---- > Ge na dha - Dha - tet - tet - tet - Dha
Figure 3-6: An abstract look at this sample interaction cycle. The user's simple clapping
is transformed by the system and echoed as tabla bols. The user's sonic input and the
system's sonic output are depicted in this figure visually, where each symbol (e.g. x dha -)
represents an equal unit of time. Relatively stressed beats are capitalized here. Underscores
mark the phrase groupings returned by the system. In this figure, we have quantized stress
and duration for transcription. In the system, the continuous range of duration and stress
in both the input and the output is preserved.
















3.2.2 The scope of the design space
The remainder of this section is a discussion of the design issues which arise in a full
specification of the interaction described above. In section 3.3 we discuss the choice of
rhythm as the user's input mode and of the visual display that accompanies this interaction.
In section 3.4, we discuss issues in input where temporal patterns are critical. In section 3.5,
we describe our scheme for modeling tabla phrases which enables the transformation from
user claps to tabla.
In addition to the computational machinery needed to provide the functionality de-
scribed above, the complete system will require a system for providing the user with sample
interactions (such as the attractor mode of video game machines), or otherwise demonstrat-
ing the capabilities of the system. Furthermore, there must be a means of contextualizing
the system's outputs, which are abstract phrases presented out of their compositional con-
text, with respect to real performers and real performances. We have not addressed these
issues of context in the current implementation. We return to this issue in chapter 5 and
suggest how these extensions might be designed.
3.3 Presentations and representations of music
Key to the success of this interaction is the extent to which the user establishes a connection
between their input rhythm and the output phrase. Here, we enumerate some of the design
issues that were addressed in this development of input and output representations of tabla
in the system.
3.3.1 Selecting salient features of the music to represent
Our goal in this work was to enable users to use musical gestures to retrieve and explore
musical content. We find these gestures in the tradition of learning and performance in
tabla drumming. These include different modes - clapping, waving, nodding, and singing
- and different functions - emphasizing the meter, the phrasing, stress, synchronization,
or clarifying the rhythm. Of these, we choose clapping as a representation of stress and
rhythm.
3.3.2 Visual mapping of sound
Once we have selected rhythm as the salient feature of the music, we must decide how to
present this feature to the user. In this system, we rely primarily on auditory playback
of the rhythm. This is supported by a visual representation of the rhythm in which time
is mapped to space. That is, musical events that are separated by long intervals in time
are separated by long intervals in linear space.1 In addition, we represent differences in
stress, or intensity, by changes in size. Correspondence between these visual and auditory
representations is achieved through the use of animation - a bouncing ball.
3.3.3 Representing timbre
Fortunately, the tradition of tabla includes a natural visual encoding of timbre: the 'bols'
which correspond to each stroke of tabla. These spoken bols are another auditory represen-
tation of the music which primarily emphasize timbre. As speech, they are easy to transcribe
visually. Unfortunately, these bols are unlikely to appear natural to any new user of the
system. It remains to be seen how quickly this correspondence can be established through
the use of synchronized sound and animation and through explanatory information in the
system. We also represent timbres visually using colors, but these colors are necessarily
arbitrary.
3.4 Interaction models: enabling rhythmic input
Building an auditory interface presents a set of unique design challenges. First, classic hu-
man interface problems of communicating the affordances of the system and communicating
changes in mode arise with new complications. Second, supporting learning in such an en-
vironment forces a careful consideration of the balance between reflective and experential
modes of inquiry.
1This is not necessarily a "natural" way of doing things, cf. [Bamberger, 91] discussion of childrens'
drawings of simple rhythms. This is a "metric" rather than a "motific" representation.
3.4.1 Modality and affordances of an auditory interface
It is difficult to present the options available to a user for auditory input. Unlike the
visible buttons on a card, it is difficult to "scan" auditory choices. Also, since we are not
restricting the user to a small discrete set of "menu items," it is not feasible to present a
visual presentation of all of the possible inputs. In a system with continuous input spaces
such as sound or clapping, it is hard to make the constraints on the user's input apparent
from the design or layout of the interface. The affordances of a multi-modal input device
are not clear from its visual appearance.
This is not entirely a new problem. In fact, a key rationale for the use of buttons and
menus is to address the problem of how to make the range of possible actions apparent to a
user. Buttons like those common to Hypercard systems put the fuctionality of the system on
its face.[Barker, 89] But even in textual command line interfaces, which GUI's have largely
replaced, or textual information retrieval systems, there is a clear restriction of input to
the keys of the keyboard. It is clear that the only thing that the system is attending to is
the order of key strokes on the keyboard. Furthermore, in most contemporary computer
systems, while the order of user actions is significant, the timing of these actions is not.2 In
our system, the timing of events is central.
If the input is clapping, how do we communicate to the user what features of that clap-
ping we have paid attention to? For this, we borrow the techniques of "turn taking" from
spoken discourse. [Akmajian, et al., 93, pp. 330-335] We simply echo the user's input back.
We modify the sample interaction above to include a simple echo of the user's claps as
"clicks," synthesized tapping sounds. The clicks preserve amplitude and duration informa-
tion, but have removed timbral variation. This transformation can be reinforced through
the visual display, using linear space to represent time, and size to represent amplitude.
Furthermore, this cyclic interaction is highly modal. That is, the user alternates between
playing and listening, and the system alternates between listening and playing. This is
problematic for temporal input. When should the system switch? For example, there is no
clear way of distinguishing between the end of a phrase of clapping by the user and a long
2Double clicking is a significant exception to this statement.
pause between claps within a phrase without some arbitrary restriction on maximum delay
within a phrase. How does the system decide when to begin echoing without an auditory
"return" key?
Early versions of the system used a fixed cycle length and regular phase changes from
listening to echoing to playback to listening. In other words, the system followed its own
clock, and there was a fixed window within each cycle where user input was allowed. Despite
a variety of schemes for visually indicating the system's current mode, users found this
system confusing and hard to use.
Again we turn to spoken interaction for an alternative. In spoken communication, pauses
can indicate an invitation for a response, and interruptions can be used to assert control.
In this system, we begin by simply listening for the user's input. When the user pauses for
a preset duration, we immediately begin echoing. That is, the clock and the cycle length
are fit to the user's input. Furthermore, the user can interrupt the system during playback
to try a new phrase. In fact, in our final design, the system simply continues to play its
transformation of the user's input until the user interrupts the system with a new phrase.
Lastly, the system can also interrupt the user's input by cutting off an input phrase and
echoing. It does this to restrict the length of the input. In early trials of the system, we
found that users would often experiment to try to establish the limits of what the system
would allow, to see how long or how fast the system could respond. Since a key pedagogical
premise of the system is that users will establish relationships between their input phrase
and the system's output, we restrict the length of the user's input to reflect cognitive limits
on short term auditory memory. In informal trials we found that restricting the input to
seven events created a reasonable tradeoff between flexibility and manageable complexity.
Also, as we intimated earlier, it is possible to transform the user's input in a variety
of more subtle ways. Variations in tempo can be corrected by quantization of durations
to a regular rhythmic grid. In early tests, we found that users often failed to recognize
"corrected" versions of their rhythms as their own. It is not clear how much to "correct"
these variations (errors? or expressive rubato?) in the user's input.3 Our system supports
3One user's comment is worth noting. Asked to describe the system's transformation of their input which
"cleaned" their phrase rhythmically, one response was, "you took my phrase and made it sound cool." Their
percephon of the system's response suggests that they were sensitive to rhythmic precision, but found it
variable stretching of the user's input, ranging from no alteration of durations to a strict
"snap to grid". Where these corrections are made, corresponding changes are made to the
visual record of the input on the system display.
3.4.2 Reflection v. experience in a temporal interface
Lastly, we want to facilitate switching between physical experience of the music and reflec-
tion about the music. The clap and response model of interaction supports a kinesthetic
experience of the music, i.e. "grooving" with the music. 4 We also want to support thought-
ful reflection on the relationships between rhythm, timbre, and stress in tabla drumming.
For this, we provide a log of the user's interactions with the system in a visual form.
Each new input phrase is logged on a "stack" of phrases. As a user's phrase is echoed back
to them, it is shuffled down in the stack to make room for a new input phrase. (Figure 3-7)
To listen to previous input phrases, the user clicks on the input phrase.
We considered the provision of a method for editing phrases once they have been entered.
In order to keep the system simple, and to maintain the kinesthetic experience of each
phrase, we instead require that variations on a phrase be entered anew. It may be that
incremental changes that would be facilitated by an editing system are more appropriate for
reflection on the content material. Some form of editing could be provided without resorting
to visual tools, instead using selective substitution of the user's input during playback like
"punch-in" editing in multi-track recording. An even simpler method would be to allow
only additions, where the user's new input is superposed and added to the existing phrase.
The system's primary support for helping the user "step back" from the experience is a
floating "help" screen (figure 3-8). This is the beginning of what should be a system which
integrates a guided presentation of the content domain with the kind of experential learning
that we have tried to provide using rhythmic input.
By clicking on these buttons, the user can selectively play bols or see video clips of the
bols being struck on the tabla. In its current form, I supplied the narrative explanations
difficult to match this with perception with their performance.
4The characterization of this interaction cycle as a "groove mode" is from Michael Sipusic, at the Institute
for Research on Learning, in Palo Alto, California.
now plaging
historg
Figure 3-7: The phrase stack: a visual history of the user's input. The currently playing
phrase is displayed at the top of the stack ("now playing"), and the beats are marked by
the ball as the phrase is replayed. User's can bring play past input phrases by clicking on
it. The selected phrase is removed from its position in the stack, and is redisplayed at the
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Figure 3-8: The "Help" screen: The help button invokes a floating window where the user
can use the mouse to select video and audio presentations of each of the bols individually, to
select which bols will be used in the system's output, and to see video of a master teaching
session and a sample of tabla drumming in its role as rhythmic accompaniment for melodic
music.
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which should accompany this material. I describe these in more detail in the descriptions
of our informal system trials in section 4.1.
Furthermore, this screen allows the user to select which bols will be used in the tabla
phrases which are output. In other words, the model which is used to generate the output
tabla phrases from the user's input is modifiable in real time. As the system cycles through
playback, each repetition of the output is recomputed, based on the settings in this window.
So by selecting or deselecting bols from this window, the user can instantly hear variations
on their tabla phrase. The model that we use to achieve this is the topic of the next section.
3.5 Machine models of music
In this chapter we have described a system which matches the user's "noisy" rhythmic
sketches to phrases of tabla drumming. In order to achieve this functionality, we need a
database of phrases in tabla drumming, an index to these phrases according to rhythmic
outline, and a scheme for finding the closest match between the user's input and an index
entry.
Alternatively, we can use a generative model of these phrases. In fact, these schemes can
be considered to be equivalent. Consider a lexicon of English words. One way of rapidly
determining whether a prefix matches some entry in this lexicon is to first build a regular
grammar, or equivalently, a finite state machine, describing this language. In our system,
we build a probabilistic finite state machine to describe our lexicon of tabla phrases.
3.5.1 A grammar of tabla drumming
For this, we borrow from recent work, [Bel and Kippen, 92], which describes tabla drum-
ming in terms of generative grammars. Based on discussions with musicians, Bel and
Kippen formalized the musician's observations of structural primitives and constraints in
tabla as production rules in a formal grammar of tabla composition. Then, by generating
instances of tabla using the grammar and having musicians evaluate the generated pieces,
they successively refined these grammars by hand. 5
5Other applications of generative grammars to music include [Lerdahl and Jackendoff, 83], who use gen-
erative grammars of music as a foundation for music theory. [Loy, 89] surveys the use of generative models
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Figure 3-9: A simple tabla phrase automaton. The final model implemented in this system
consists of a number of parallel branches, each of which looks something like the figure here.
Each path through the model from the start node to the finish node represents a phrase
of tabla drumming. Each node, or state, is labeled with a timbre, with some probabalistic
output distribution on duration and intensity. In this figure, we have depicted only the
mean of these distributions (duration according to note value and intensity as an integer
from one to three). Each arc between nodes is also labeled with a transition probability.
Our interest is in using these grammars to parse a partial specification of a phrase
of tabla. We use only a subset of the grammars explored by Bel and Kippen, regular
grammars. Any finite language can be described by a regular grammar, which can be
translated into a finite state automaton. Thus for a finite library of tabla phrases from a
family of compositions or from a school of tabla, we can construct a probabalistic finite state
automaton, a Markov model, as a generative model of the music. In our models, each state
in this automata is labelled by a bol - by its timbre and "ideal" amplitude and duration.
Each state produces observable amplitudes and durations with some output distributions.
3.5.2 Matching and searching with a tabla automaton
Given any path through such a model, any sequence of durations and amplitudes could
be given a score corresponding to the probability that it could have been generated by a
traversal through this path.
for composition.
Matching consists of treating the user's input as if it is an observed output sequence of
the tabla automata. Then, matching means finding the path through the model which yields
the highest score for the observation. Using the Viterbi algorithm, it is straightforward to
determine the "hidden" state sequence - that is, the tabla phrase - which produced the
observation (the user's input clapping sequence).[Rabiner, 89]
The grammars (the topology of the finite state automata) used in these models were
generated by hand from a small set of simple tabla compositions and some knowledge
of musically significant phrases in tabla drumming. The transition probabilities and the
distributions on stress and duration were also initially coded by hand.
As users enter rhythmic phrases into the system, their phrases are logged for later
refinement of the model. Using these inputs, we can "train" the transition probabilities and
output distributions using the Baum-Welch algorithm.[Rabiner, 89]6
6 This is unsupervised learning, i.e. it is enough to look at the just the user inputs, we do not need a
correct "transcription" of what the user intended. In chapter 4, we describe the design of a study which
looks at the user's inputs to examine the salience of rhythm as description of these tabla phrases.
Chapter 4
Results
In the previous chapter, we gave an overview of the design choices that were made in the
development of the system. In this chapter, we address the response of users to the system.
Underlying this analysis is an issue that we have so far skirted: what is the user's task in
using the system?
In section 4.1 we consider this task in terms of the user's learning of how to use the
system. We detail some examples of the use experience which motivated our design choices
during informal trials of the system in the laboratory and in public spaces. We consider the
process by which users develop an understanding of a new system.
In section 4.3 we describe two kinds of formal evaluations of the study for future study.
First, we wish to establish more rigorously that users are "hearing" the output rhythms
as intended. Are the tapped rhythms are perceptually salient as "sketches" of the music?
Second, we wish to examine the effectiveness of this tool for learning about tabla. We define
the user's task in terms of a measureable learning objective - timbral discrimination of
tabla sounds.
4.1 Informal trials
Throughout the development of the system, the primary source of user feedback was through
informal trials of the system. These subjects included musicians and non-musicians. These
users were sought both inside and outside the laboratory and in "hands-on" museums in
San Francisco and Boston.
Testing of the system occurred with a variety of different input configurations, including
input by striking a MIDI drum pad or a physical drum outfitted with an audio MIDI trigger,
clapping or tapping into an audio microphone, and tapping on the space bar of a Macintosh
PowerBook laptop computer. Of these, most of the testing was done using a MIDI drum pad
or the space bar for input. The direct audio input methods were not robust enough in the
presence of background noise. For some trials, we used the built in video and audio displays
of a Macintosh Powerbook and for others, we used external video and audio monitors.
Prior to each users' session, I provided a brief (3-5 minute) introduction to tabla drum-
ming, the music of India, and the system. For that, I used the "help screen" facilities that
were described in section 3.4.2. First, I introduced the drums through a video clip of a
composition of North Indian Classical music, with sitar playing the melodic line and tabla
providing rhythmic accompaniment. Then I introduced the concept of bols and phrases
through a video of a teaching session with Swapan Chaudhuri, and through videos showing
each of the bols in turn. Finally, I demonstrated the system by tapping out an example
phrase and commenting on the system's response.
The system had universal novelty and intrigue value. Beyond this intrigue, informal
observations of the users showed that users were learning to use the system by probing
the input and looking for patterns in the output. In this section, I describe some these
interactions, and I interpret their reactions in terms of the affordances and limitations of
the current implementation.
4.1.1 Getting to know the input channel
A common starting point for users was to try to understand the bounds and the capabilities
of this novel input channel. The question was, what can I do as a user? While a few users
exhibited some trepidation in experimenting with the system, saying "oh, I don't know
much about computers," most of the users seemed to have no hesitation in simply banging
away at the system and seeing what happened.
One of the most common inputs to the system was to hit the drum as fast and for
as long as possible. The users were testing the range of allowable inputs: how fast the
system could respond. Initial system designs placed few constraints on the speed or length
of the input. However, when users entered very long phrases, the resulting visual display
was extremely cluttered, since the visual scale of the phrase was normalized to the phrase
length. These inputs would also run off the end of the input window, where the time scale is
fixed. Non-musicians also found it difficult to remember long phrases in their entirety. Since
we hoped that users would perceive the relationship between their input and the system's
output, we restricted the user's input to a maximum of nine events, which is our estimate
of a novice user's short term auditory memory. The system interrupts the user after this
length has been exceeded by immediately echoing the output. We found that with this
immediate feedback, this restriction was learned and accepted readily by users.
In this system, the tempo of the primary beat in the system was fixed.1 The matching
algorithm uses only local information: the inter-onset intervals between taps, rather than
their position with respect to a global grid. Because of this, the system was relatively robust
in the face of drifts in tempo by the user - gradually slowing down or, more commonly,
gradually speeding up relative to the beat.
Given this fixed tempo, the matching algorithm ultimately makes decisions on whether
the user intended to tap note values of 1 1/2, 1, 1/2, 1/3, or 1/4 of a beat.2 One parameter
of the interaction that we experimented with throughout the development of the system
was the degree to which the system "corrected," or quantized, the user's input to the note
values as they were interpreted by the system. On one hand, complete quantization of the
input often resulted in output which was not recognized by the users as their own. On the
other, if two of the user's inputs were being "heard" differently by the system, we needed to
make the reason for that distinction clear to the user. Quantization is one way to provide
that feedback.
In the final implementation, we used only very slight quantization of the user's input.
That is, the durations of notes were adjusted only partially towards the "ideal" durations as
1We wish for users to listen for changes in the timbres of rhythmic phrases with changes in the rhyth-
mic phrase. Perception of rhythm is highly dependent on tempo. [Gabrielsson, 73b] found that the most
important factor influencing listener's judgements about rhythmic dissimilarity was a difference in tempo.
2 The fixed tempo used in this implementation was approximately 80 beats per minute. Delays after a
tap of longer than 2 beats were interpreted as a pause signalling the end of the input phrase. It was rare
(difficult) for users to tap faster than 1/4 beat at this tempo.
interpreted by our model. Maintaining the integrity of the user's input proved to be more
important than correcting it. Making this change for the sake of non-musicians also had
the added benefit of allowing musicians greater freedom to experiment with various kinds
of syncopation. Rhythmic figures such as playing three evenly spaced beats in the space of
two beats are now mostly preserved intact. 3
4.1.2 Getting in sync: modality and turn-taking
That the graphics were harder to understand than the audio also impacted how we imple-
mented the input/response cycle. In initial versions of the system, the system operated on
a fixed length cycle, first listening for an input, then echoing the input, and then playing its
output before listening again for a new input. So the user's input was allowed only during
1/3 of the interaction, and the user had to wait and listen for the other 2/3. While this
interaction style would have lead naturally to an exploration of tala, the fixed rhythmic cy-
cles in tabla, users found synchronization of their input with the input cycle to be difficult.
Since in this case, we did not fit the output to fit the user's input, users had to rely on the
visual display to keep track of the status of the interaction.
Later versions of the system allowed the user much more flexibility and freedom in their
input. Instead of forcing the user to wait for the "input phase" of the interaction, they
could interrupt the system at any time with a new input phrase. Furthermore, the system
reset its clock to begin its phrase with the first beat of the new input phrase, and reset the
length of the output phrase to match the length of the user's input. In doing so, we made
the pedagogical connection to the fixed cycles of tala much more difficult, but gained a great
deal in useability. While in the first case, the mode of the system (from input to output)
changed according to the system clock, the current system changes mode in response to
user action.
3However, there is no explicit representation of these kinds of figures in our model. Using only local
information, it is difficult to distinguish this kind of figure from a drift in the tempo. To recognize these
figures, it is necessary to have an explicit representation of higher levels of temporal regularity in the model.
4.1.3 Learning to read the output
One lesson of the preceding examples is that for many users, the auditory display took
precedence over the visual display. Where the output phrase looped the output in a way
that changed the perceived figural grouping, or where the user's awareness of the interaction
mode depended on attention to the visual display, users had some difficulty making the
connection between the sounds and the graphics. Whereas users could immediately hear
the correspondence between the system's output and their input, interpretation of the visual
display often required some additional explanation. This finding is in line with one of our
initial claims that any visual transcription of the sound must be learned by the user, and
that where possible, we should rely primarily on the auditory feedback.
The system repeats its output in a continuous cycle. This was both an acknowledgement
of the tradition of cyclic repetition and an effort to provide users with a simple way of
getting multiple "hearings" of the system's output, without having to switch modes from
tapping to clicking a button to invoke a repetition of the output. However, some users found
this "looping" of their phrase confusing. Although the visual display visibly marked the
beginning of the phrase by hiliting the top of the output circle, the auditory presentation
was dominant for many users. For instance, if a phrase ended on an up-beat, early versions
of the system inserted only a half a beat of rest before starting the phrase again. If there
was a larger interval in the middle of the phrase, listeners naturally perceived the phrase
as a figure where the longer interval marked the break.4 So by inserting a sufficiently long
pause at the end of the user's phrase before looping, we can ensure that the phrase is still
heard by the user as an intact group.
We found that the sound quality of the auditory output was critical to the success of
this feedback. Clear rendition of low frequency tones, as enabled by external audio monitors
or headphones, was essential for users to discriminate timbral differences in the system's
4The perception of rhythm is complex. See [Handel, 89, Ch. 11] for an overview of the factors used
by listeners to group events into phrases. Even an isochronous stream of identical pulses is perceived by
listeners as being grouped into sets of 2, 3, or 4 beats. [Lerdahl and Jackendoff, 83] develop a generative
theory of rhythm based on heirarchies of meter, repeating patterns of strong and weak beats, and of groupmng
of events into phrases. The interaction between changes in relative timing, tempo, pitch, and timbre on
rhythm perception is also culturally specific. [Gabrielsson, 73b] found that the primary factor in perceived
dissimilarity was tempo.
output. For instance, the low tones of the baya were nearly inaudible when using only the
built in speaker of the demonstration machine.
Marking the user's inputs visually and hilighting these marks in synchronization with
the sound helped the users to relate their input with the output. It was clear that users
were able to use the display to verify that the system had logged their input. It is less
certain how well the visual display supported their listening beyond simply identifying the
echo of the phrase as their own. The visual display might have been more helpful to users
in keeping track of the start and end of their phrase during the playback loop if the output
display was linear rather than circular. Besides mapping space to time, "reading" the
circular display requires users to learn the additional convention that the top of the circle
marks the beginning. Particularly since we have marked the user's input in a linear space,
a linear output space might have been easier for users to understand. 5
4.1.4 Public exposure
As we described in chapter 2, this work was originally conceived as one component of a
larger interactive exhibit about the music and arts of India. Therefore, the venue where we
sought our first public audience for this work was on the floor of a museum. Public exposure
of the system occurred in the Childrens' Museum in Boston, and later at the Exploratorium
in San Francisco. At each location, the system was set up on an empty table for a few hours
at a time on several days, with my supervision and introduction for passing visitors. In
these settings, we had a chance to observe the impact of the social and physical setting on
how the system was used.
We found that the system would require physical redesign in order to be effective in these
environments. Both of these environments were extremely noisy, and as we mentioned, audio
quality was critical.6 The physical scale of the system also needs to be reconsidered. Some
5However, the reasons for introducing the circle initially are still valid. The phrase repetition that we
use during playback is an important component of the music. The way such a loop lends itself to multiple
possible segmentations is an asset to the system. However, if it is a barrier to the user's initial "hearing" of
the phrase as a simple repetition of their input, then perhaps the user would be better served by introducing
the circle only later in the interaction.
6This requirement is satisfied in many of the exhibits at the Exploratorium by placing the exhibits within
sound proof booths.
small children were unable to hit the drum pads hard enough to trigger the MIDI drum.
Visitors often travelled through the museum in groups, and the small display size made it
difficult for more than one or two people to attend to the system simultaneously.
Besides these changes to the system itself, the placement of the system within the
museum space is also critical. 7 We designed the system to reward a sustained exploration
by the user lasting several minutes. In the typical museum encounter, we were lucky to
maintain a visitor's attention for one minute.
Part of the fault for this lies in the setting, and part of it lies in the design of the
system interaction. The system failed to immediately communicate to the users a sense
of what it was good for or capable of. In these settings, it was hard to find a small set
of samples of simple rhythms which would immediately convey to the users some sense of
the transformative process going on. How we might build this kind of understanding is the
topic of the next section.
4.1.5 From intrigue to understanding
The design of this system assumes that the user will explore a set of input and output
pairs and then learn some of the implicit rules which govern this transformation. What
our informal studies of the system showed is that even with the use of drumming input as
a motivator, it was difficult to sustain interactions with the system long enough for this
to occur. Part of the reason for this is that we did not provide a clear path for users
to get started. Such a path would: 1) demonstrate the constraints on allowable inputs,
2) demonstrate the range of possible outputs, and 3) begin to shed some light on the
transformation process. We have already discussed some changes that were made or that
could be made to make the input and output clearer and more useable. In this section, we
consider how the interaction model and the transformation process could support the user's
discovery of their own path through the system's content.
First, the system's transformations should be reproducible. It should be easy to repeat
an input. For this, the "Phrase Stack" was built to provide a log of the user's inputs
7In recognition of the requirements of some kinds of interactive experiences for quieter, more reflective
environments, there is space within the open space of the Exploratorium which is shielded acoustically and
visually from the rest of the floor space.
which can be recalled with a mouse click, rather than requiring the user to be able to
perform their phrase as well as hear it. Perhaps what we lose in kinesthetic experience is
gained in accessibility. Also, improvements in the preprocessing of the user's input reduced
the number of instances where a phrase was perceived differently by the user and by the
system, e.g. because of quantization. If inputs are different in the mind of the user, then
they should also be different in terms of the system's generative model, and they should
also look different as input on the screen.
Second, the system should be predictable. The experience of users should be cumulative.
For instance, if the user enters a phrase which is an elaboration of a previous phrase, the
system's new output should be close to the output used in the previous phrase. Although the
model was developed using user inputs to "train" the model weights, the generative model
of the current system has no memory within a single session. New phrases are considered
independently of prior ones. Instead, the system could adjust the weights of phrases that
it has used in the past, either by increasing them to help the user gain a foothold in the
system, or by decreasing them to show the user the variety that is possible. Currently, no
training of the system model is done during a user's interaction with the system. Refining
the model during the course of a user's session may be one way to provide this kind of
sensitivity.
4.2 Establishing the perceptual salience of rhythm
One presumption underlying this work is that tapped rhythmic "sketches" can distill
some musical feature of the content. That is to say, in some way, the user perceives their
tapping input and the tabla output as being similar rhythmically. This may seem like a non-
issue. So far we have talked about tabla as if it is merely the superposition of independent
musical attributes: timbre, duration, and intensity. To some degree that is true. But in
fact, rhythmic perception depends in a complex way on all of these qualities.8 So it is not
necessarily true that listeners will perceive the system's tabla output as simply their own
8For instance, tones of equal intensity played with slightly unequal durations are sometimes perceived as
having uequal intensity and equal duration.[Handel, 89, ch. 11]
input phrase with timbre added.
The system tries to build tabla phrases which reflect the user's rhythmic thoughts.
What is the rhythm that the user hears in a line of tabla drumming? Of course, the system
cannot know what the user thinks. The best we can do is look at what the user performs
at the input, or what they say about which rhythms are similar. In this section, we propose
further studies which look at both of these.
These studies have a dual purpose. First, this is one way of evaluating the performance
of the system. Is the system producing phrases which reflect the user's musical ideas?
Second, these studies are a probe into user's perception of musical rhythm. Understanding
users' perception of rhythm can help us to build better systems, and watching users with
the system can help us to understand rhythm perception.
We can split this question further by examining the difference between the responses of
musicians and non-musicians, and between Indian and Western listeners.
4.2.1 Examining and reversing the interaction
The most straightforward evaluation that can be done is to simply examine the system's
log of input rhythms and output phrases. Precisely what is it that happened when users
explored the system? Several studies have created attempted to categorize users' navigation
through hypermedia systems.9 Are there analogous categories of use which are apparent
with our system? What is the relationship between user's strategies in using a hypermedia
presentation and their use of our system? This is an indirect test of the proposition that
users hear a relationship between their tapping and the system's output. Is the user "re-
sponding" to the system's output? That is, do the user's new inputs reflect the system's
outputs?
Other examinations of the input-response logs should yield information on other aspects
of system performance and allow "tuning" of the system model in a way which is impossible
with simple Baum-Welch adjustment of weights in the model. For instance, if we perceive
a common grouping in the user's input which has no expression in the grammar that we
9These studies are a part of the body of research on cognitive strategies for learning. See for instance
[Chang, 95] examines use of a hypermedia presenation about the Vietnam War and [Pask, 76] describes
learning strategies in college students.
have selected, this rhythmic grouping, with an appropriate tabla figure, can be added to
the grammar. Furthermore, we can tune the quantization behavior of the system. While
Baum-Welch training of the model leads us to better "recognition" of the user's inputs, it
yields no insight on the degree to which we should "fix" the user's inputs to match the
ideals in the model.
A more direct test of user perception is to reverse the system interaction. Instead of
producing tabla phrases in response to the user's rhythms, we can look at what the user
taps when asked to tap a rhythm in response to a tabla phrase. We can examine this
response in several ways. First, what is their response when we provide no example for the
users? Is it "natural" to expect users to preserve the number, value, and duration of the
tabla phrases? If they do so spontaneously, or on cue after a demonstration, what is the
relationship between the users' variations in stress and timing and that of the presented
tabla?
4.2.2 Mapping and scaling rhythm space
The construction of our generative tabla model implies an organization of the space of
tabla. By isolating timbre, duration, and intensity, the model implies a parameterization
of this space. Let us consider just one "axis" of this space: rhythm, over which the user
has control. 10 Since the model yields a score for each possible input rhythm for each path
through the network, it also implies "distances" or degrees of similarity between different
input rhythms. Does this organization correspond to the how rhythms are perceived by the
users? Do the distances and relationships implied by the models correspond to perceived
similarity and relationships?
There are several approaches to these questions. First, we can use perceptual scaling
for a metric evaluation of rhythm perception. [Johnson and Wichern, 89] Using multidimen-
sional scaling, "objects" of a class can be placed in a homogenous multidimensional space
where the distance between objects represents their perceived similarity. This technique
relies on subjects' pair-wise rankings of similarity between objects.
A non-metric technique for discovering the parameterization and features significant for
10We define rhythm here as the number, timing, and relative intensities of the musical events.
organizing a set of objects is trajectory mapping. [Richards and Koenderink, 93] Given pairs
of objects, subjects are asked to choose "interpolants" and "extrapolants" from a fixed set.
This technique also recovers paths through a feature space from one object to another. 11
Therefore, a trajectory map of simple rhythms might be a useful way of building a system
which provides variations on the user's rhythms.
4.3 Proposed evaluation: learning to hear tabla
To this point, we have largely skirted one obvious question. What do we expect the user to
learn? We have not yet defined the user's task clearly. What is learned when the user learns
to "appreciate" or to "hear the structure" of tabla drumming? The skills and knowledge
required are clearly complex. To begin a formal evaluation of this system, we focus on one
part of this learning, the ability to discriminate timbre in a line of tabla.
4.3.1 Defining the user task
Recall the discussion of tala in section 2.2. The rhythmic structure of Indian music is pro-
vided by these fixed length rhythmic cycles. The presence or absence of rhythmic resolution
at the start of each cycle is a key element of Indian music. Therefore, keeping tala, that
is, maintaining the current position within the cycle is critical to the perceiving these res-
olutions. Keeping tala requires that the listener discriminate between the timbral elements
which mark the movement from one phase of the cycle to another. For instance, in tin-tal
shown in figure 2-2, the disappearance and reappearance of low ringing timbres of the baya
marks the start of a new cycle. By knowing what to expect, the listener knows when the
musical line moves to the unexpected.
In this system, we have not addressed the teaching of these rhythmic cycles explicitly.
The phrases which are played for the user are not fit to any particular tala. So this system
does not address the "facts" about tala.12 But to put this knowledge to use, the user must
11For instance, [Gilbert and Richards, 94] describes a trajectory mapping of musical intervals. The result-
ing paths through this space yield common harmonic groups.
12We can imagine a system for teaching tala. However, while it is likely that clapping by the user could
play a significant role in such a system as a means for the user to rehearse a lesson, it is hard to imagine such
a system that is driven directly by user input as ours is. This is because tala are much more constrained
also have the ability to discriminate between different timbres, bols, in the audio stream.
Teaching this skill is one task of our system.
4.3.2 Measuring user performance
In this evaluation of the system, we can measure the subjects' ability to discriminate timbral
changes in tabla phrases after a brief training period. We have claimed that the primary
innovation of our system is its use of rhythmic and gestural input. In our evaluation of this
system, we isolate this feature of the system.
The evaluation test might consist of several pairs of tabla phrases, where in some of the
pairs, there is no difference between the two phrases. In others, a small change is made
to the phrase, where substitutions are made for one or more bols within the phrase. For
each pair, the subject is asked to choose among the following choices: 1) no difference
between the phrases; 2) one bol substituted; or 3) more than one bol substituted. This
evaluation should include testing before and after using the system, a control group of users
who receive no training, and a control group of users who receive the same "amount" of
training with a system which uses a standard hypermedia interface. As with all learning
studies of computer based systems, it is difficult to design a control which isolates the use
of the experimental system.
4.4 Summary of user studies
In this chapter, we have described our informal observations of system use. We have in-
dicated some of the barriers that users face in learning to use the system, and described
some changes to the system design which lowered these barriers. There were some common
patterns of use in the users inputs: probing to establish the bounds of the system. Users
were more successful using an interaction cycle which responded to their actions instead
than abstract rhythmic phrases. There are only a small number of tala in common use. What we could
provide instead is a means for the user to assemble their phrase fragments within the framework of some
tala. While this is instinctive for a master musician, we imagine that this process would require a great deal
of thought and reflection by a novice user. In other words, it is probably ill suited to a kinesthetic input
channel.
of operating according to the fixed timetable. It was clear that for many users, the visual
display meant little to them.
From these observations, we proposed a set of formal user studies. We proposed a study
of users perception of simple rhythms and their perception of the rhythmic structure of
tabla drumming. Also, we proposed a study of the effectiveness of the system as a teaching
tool - a question which is harder to answer.
Chapter 5
Future Directions and Implications
In this thesis, we demonstrated an alternative to the traditional graphical user interface
to hypermedia systems. We have described a system which extends the input channel to
include rhythmic input. We have shown the utility of this input channel for our content
domain of interest, drumming. At no point have we argued that rhythm is generally useful
as an input mode - it is hard to imagine where clapping would fit into a word processor.
Instead, we have argued that the mode of input should follow from features of the content.
Temporal patterns and temporal synchrony are critical features of tabla drumming and
of other real time media. Clapping at the interface is one means of providing the user with
access to these features. Even so, we do not claim that clapping at the interface would
be useful for all such systems. While there are many other domains outside of music in
which cyclic and temporal information is critical, such as seasonal or economic cycles, it is
hard to find such domains where there exists a strong tradition of gestures as a means of
communicating these patterns.
What we have argued is that the design of such a system changes the framework from
which a multimedia presentation is conceived and designed. In this final chapter, we discuss
three questions which are raised by this work, and discuss some of the implications of our
results for the answers. First, what is this interface paradigm that is beyond buttons? Sec-
ond, how do we design interaction with systems which provide access to structural elements
of their content? Finally, we close with some lingering questions about how to connect the
abstract worlds of disembodied symbols and patterns to the practice and traditions of real
people.
5.1 Moving bodies and moving beyond buttons
One guiding premise of this work has been the value of kinesthetic experience in learning
about this music. In chapter 4, we examined differences in learning to discriminate tabla
timbres using rhythmic input. But what we find most compelling about the use of drumming
at the input is not increased effectiveness in learning the things that could have been learned
with traditional graphic interfaces. Our claim is that rhythmic input enables users to learn
things which were previously inaccessible. Through a kinesthetic experience of some part
of the music, the user has the opportunity to gain a physical knowledge of the music. Of
course, this is a learning outcome which admits to no easy evaluation.
Another context in which to view this work is in the emerging study of virtual reality
interfaces. One promise of virtual reality is that the experience for the user is physical and
tangible. We approach some part of that with systems like this one, without the burdens
of a fully immersive experience. This system is one exploration of the opportunities for
introducing physical movement and gesture into the interface without full head mounted
displays and gloves. This is lightweight VR.
5.2 Searching by structure
Besides the physical engagement of the user, we have noted some additional properties of
rhythmic input that distinguish it from traditional hypertext interaction. Unlike buttons,
rhythmic input does not require visual selection. In moving away from visual presentation
of choices, we are not bound to restrict our use of audio input to auditory menus. Rather
than having the input be recognized as one of a small discrete number of options, it is
possible to treat the user's input as a point in a multi-dimensional and continuous space.
The system's model can be thought of as a projection from this multi-dimensional input
space to the higher dimensional space of tabla drumming. Alternatively, the user's input
serves as a template with which to retrieve items from from the system's content. The
system provides a means of indexing and retrieving musical content according to its rhythmic
structure.
The system as it is presently implemented has a limited content set for the user to ex-
plore. But with the addition of tools for interactively generating models from compositions,
the potential exists for this system to serve as a tool for comparative analysis of compo-
sitional form and individual style. Imagine being able to generate tabla phrases from two
different models, one representing tabla drumming as it is practiced in the Hindustani music
of the north of India, and another representing the Carnatic music of the south. Imagine
cross cultural comparisons between tabla and jazz drumming.
5.3 Putting the abstract in context
We have just described how the system could be used as a search tool. What we have
omitted in the development of this system and in this discussion is how to guide the user
through this search process. For a novice user, what is there to direct the user to searches
which will return items of interest? What is there to help the user interpret these results?
The problem facing us in this regard is in some ways analogous to the problem of
building links in a hypermedia presentation. How do we create coherent experiences for the
user when we can no longer use narrative as a structural device? However, "navigation"
through the content space defined by our tabla models is unlike traversal of a web of links
through hypermedia. To invoke computational guides, agents, or human guides, teachers,
is only part of the solution. What will these guides direct the user to do?
One part of the answer is to constrain the range of possible inputs at any point to a
much smaller set. For instance, imagine a hypertext presentation which introduces tabla,
through detailed commentary on a particular composition. Imagine allowing the user to
"zoom" in from the composition as a whole, to a particular stanza, to a particular theme.
Then, the system's model of this particular theme can be invoked, and the user can be
directed to tap variations on the theme. The system could be more strict than the one that
we have implemented. It could require the user to end the phrase with a certain cadence
or to include a certain figural element within the phrase. Then the user might use any one
of these phrases as a means of branching to another composition. That is, they zoom in
down to the level of the phrase, then zoom back out to another composition which shares
that phrase.
In this scenario, the hypermedia presentation acts as a "wrapper" for the kind of kines-
thetic experience that we have developed in this thesis. In this vision of multimedia, visual
presentation and point and click interfaces have a definite and important role to play. What
we have tried to demonstrate in this work is that the kind of guided and reflective learning




The system was implemented for the Macintosh Operating System v.7.1.1 using using
Symantec's Think C++ v6 and the Think Class Library v2 with Visual Architect for man-
agement of the graphical user interface. MIDI input was handled using Apple MIDI Driver
and MIDI Manager (which is now no longer supported by Apple) and Patchbay to manage
flow of MIDI data between app's and from input port to application.
Input and output hardware included an Altech MIDI interface, MIDIman Macman MIDI
interface, Reveal powered audio monitors, KAT dklO0 drum pad and KAT MIDI trigger, and
an Alesis SR-16 drum machine with touch sensitive input pads.
Appendix B
Where to get it
This thesis document, an executable binary of the system for Macintosh and audio samples
of the system input and output are available on the World Wide Web, at
http: //rpcp.mit. edu/~jae/jae.html
or by anonymous ftp at ftp://rpcp.mit. edu/pub/j ae/tabla/.
The system was developed and tested on a 68030 Macintosh Powerbook, and currently
requires a floating point processor, or emulation. The system files include sound samples,
video clips, and model files used by the system, and pointers to system extensions required
to use the full system. In the absence of MIDI hardware, the system can be run using the
keyboard for input.
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